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Abstract

An interactive model which couples a semi-spectral dynamical model, a radiative

transfer code and a two-dimensional chemistry transport model (2-D CTM), is used to

assess the atmospheric effects of the High-Speed Civil Transport (HSCT) engine

emissions. The residual mean meridional circulation, the zonal-mean temperature and

the eddy diffusion coefficients are calculated using zonal means and three longest zonal

waves of dynamical variables integrated in the semi-spectral dynamical model. They are

used in the 2-D CTM to simulate the distribution of trace gases in the atmosphere. The

simulated ozone is sent to the radiative transfer code to calculate the heating rates, which

drive the dynamics. This radiative coupling connects the dynamical and photochemical

processes and creates feedback when the atmosphere is perturbed.

It is found that in most areas the ozone depletion caused by HSCT emissions

calculated using the 3-wave model has the features similar to, but with significantly

larger magnitude than that calculated by the AER 2-D CTM with prescribed transport

parameters and temperature. The difference is mostly due to the differences in the

circulation in the two models. The radiative feedback effects are investigated by

comparing the ozone depletion calculated with the baseline dynamics and with the

dynamics perturbed by the HSCT emissions. The feedback through changes in the

residual mean meridional circulation and the eddy diffusion coefficients has moderate

effects on the simulated ozone depletion. It reduced the ozone depletion by 20-30% in

northern mid and high-latitudes. However, the feedback through changes in the zonal-

mean temperature is negligible.

2



1.ModelDescriptionandSimulationof theBackgroundAtmosphere

The 3-wavemodelhasthreecomponents,a semi-spectraldynamicalmodel,a

radiativetransfercode,anda2-DCTM. Thetheoreticframeworkof thedynamical

modelis adoptedfrom SchneiderandGeller (1984). Themodel isdevelopedfrom the

AER 2-D interactivemodel(Ko, et al., 1993). It is formulatedusingtheprimitive
equationsandtheverticalcoordinateis z = H*ln(p0/p). Thezonalmeanradiativeheating

ratesarecalculatedevery10daysusinganarrow-bandradiativetransferscheme

describedby WangandRyan(1983). Thechemistryschemefrom theAER two-

dimensionalchemicaltransportmodel(Ko et al. 1984,1985,1989;Weisensteinet al.

1993)is usedto calculatethechemicalsourcetermandlossrates. Theheterogeneous
reactionson thesurfacesof thesulfiteaerosolsareincludedin thecalculations.The

modelhas9.5° resolutionin latitude(19boxesfrom poleto pole),-3.5 km resolutionin

altitude(half scaleheight),andthethreelongestzonalwavesarecalculatedin the

dynamicalmodule. The2-D CTM has17verticallayers(from thesurfaceto -60 km)

while thedynamicalmoduleincludessevenextralayersto placetheupperboundaryat
-84 km.

The3-wavemodeldiffers from theAER 2-D interactivemodelsin thatit usesa

highly truncatedthree-dimensionaldynamicalmoduleto calculatethezonalmeanand

threelongestzonalwavesof dynamicalvariables.Fromthesedynamicalfields aresidual

circulationandeddydiffusioncoefficientsfor chemicaltracerarederivedto representthe

meridionaltransport.Theyareusedin the2-D CTM alongwith thezonallyaveraged

temperatureto distributethechemicalcompositionof theatmosphere.Theinteractions
betweenthedynamicalandphotochemicalprocessesareachievedthroughtheradiative
couplingwhenthemodel-calculated03 is usedto computetheradiativeheatingrates,

which is thedriving forceof thedynamics.Thedataflow chartof themodel is shownin

Fig. 1. Followingthearrowsin thediagram,interactionsandfeedbackbetweenthe

dynamical,radiativeandphotochemicalprocessesareeasilyidentified. Thedataare

exchangedbetweenthedynamicalmodel,theradiativetransfercodeandthe2-D CTM

everytendays.

In spiteof thehightruncationin thedynamicalmodule(only threelongestwaves

areresolved),themodelhassimulatedmanyobservedcharacteristicsof stratospheric

dynamicsanddistributionof chemicalspeciesincludingozone.Themonth-latitude
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distributionof 03 columnabundancefrom themodelresultsandfrom TOMS dataare

plottedin Fig. 2. Theozonecolumnabundancefrom modelsimulationfor presentday

atmosphere(Fig. 2 a) showsastronghemisphericasymmetry.Thegeneralfeaturesof
the03 columndistributionare similar to the observations from Total Ozone Mapping

Spectrometer (TOMS), which are shown in Fig. 2 b. The modeled spring maximum in

both hemispheres appears in the right places with more or loss right amplitudes but a

little later in time. The calculated ozone column abundance in the northern mid- and

high-latitudes during late summer and fall is about 40-60 Dobson Unit (D. U.) higher

than the observations.

Compared with the values commonly used in 2-D CTMs, the eddy diffusion

coefficients for chemical species calculated in this model are smaller, especially in the

subtropics. Also the calculated residual circulation is weaker than that used in AER 2-D

CTM. The detailed model descriptions and the simulations for current atmosphere can be

found in Shia et al. (1999).

2. Ozone Response to the High-Speed Civil Transport (HSCT) Engine Emissions

The atmospheric effects of a HSCT fleet of 500 supersonic airplanes with NOy

emission index El= 15, and the speed Mach=2.4 is assessed using both the 3-wave

interactive model and the AER 2-D CTM. The AER 2-D CTM has been modified

recently to install a tropical pipe (Weisenstein, et al., 1996). The tropical pipe is

surrounded by a subtropical barrel, which substantially slows the exchange between the

tropics and the mid-latitudes in the stratosphere. The barrel is parameterized in the model

by reducing the horizontal eddy diffusion coefficient from 3.0 to 0.3 x 105 m2/s.

The atmospheric effects of the HSCT usually are measured by the ozone

depletion, the percent change of the ozone column abundance caused by the HSCT

engine emissions. In order to compare assessment results of the AER 3-wave model and

the 2-D CTM, the model runs listed in Table 1 are completed. The off-line runs of the 3-

wave model are executed similar to the 2-D CTM, where the transport and temperature

are prescribed instead of being calculated. In Table 1 and all following tables the

prescribed fields are put inside parentheses. From the model runs listed in Table 1, the

simulated ozone depletions are plotted in Fig. 3. The ozone depletions simulated by the

AER 2-D CTM without the tropical pipe (the percent change of ozone column density
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betweentheCaseA andCaseB) andwith thetropicalpipe(CaseC andCaseD) are

plottedin Fig. 3aand3b,respectively.The ozonedepletionssimulatedby the3-wave

modelwith full feedback(thepercentchangeof ozonecolumndensitybetweentheCase

E andCaseF) andwithout feedback(CaseG andCaseH) areplottedin Fig. 3cand3d,

respectively.TheFig 3cand3dshowthatthefeedbackis negative(reducingthe

perturbationin ozone).We will discussmoreaboutthefeedbackeffectsin thenext

section.ComparingtheFig. 3 c and3a,it is foundthatalthoughtheyhavethesimilar

shape,in thenorthemmid- andhigh-latitudestheozonedepletionin the3-wavemodel

simulationis about2 to 3timeslargerthanthatin the2-D CTM simulation. In the

tropics,HSCTengineemissionsactuallyincreasetheozonecolumnabundancein 3-wave

modelsimulationby lessthan0.4 % (Fig. 3c). A similar resultis foundin thesimulation

of the2-D CTM with thetropicalpipe(Fig. 3b).

Thedifferencesin theozonedepletionsassessedby the2-D CTM and3-wave

modelhavetwo origins. The first is thedifferencesin theredistributionof HSCTengine

emissionsaftertheyaredepositedin themiddleatmospheredueto thedifferent transport

andtemperaturefields in thetwo models. Throughchemicalreactions,differentemission

distributionswill producedifferentozonedepletion. In additionto that,evenif thefinal
distributionof theHSCTemissionsremainsthesame,becauseof thedifferencesin the

transportandtemperaturetheozonedistributionssimulatedby thetwo modelscanbe
quitedifferentandsotheozonedepletion. TheTable2 lists themodelrunsusedto show

howthestreamfunction,temperatureandeddydiffusioncoefficientcalculatedin 3-wave

modeleffect theredistributionof engineemissionsindividually. Theincreasesof NOy in

Januarycausedby theHSCTengineemissionssimulatedusing3-wavemodelareplotted
in Fig.4a. Theincreasesof NOy in Januarycausedby theHSCTengineemissions

simulatedusingmixed3-waveand2-D CTM dynamicsareplottedin Fig. 4b-4d. Also
theincreasesof NOy in Januarycausedby theHSCTengineemissionssimulatedusing

2-D CTM with andwithout thetropicalpipeareplottedin Fig. 4eand4f, respectively.

Theweakereddydiffusioncalculatedby the3-wavemodelreducesthedispersionof the

engineemissionsandlimits themmainly in theNorthernHemisphere(Fig.4 d). It is

worth to noticethattheglobal averagesof the increasesof NOy in Januarycausedby the

HSCTengineemissionsfor Fig. 4a--4f are0.153,0.150,0.122,0.106,0.115,and0.113

D.U., respectively.Theweakercirculationcalculatedby the3-wavemodelreducesthe

flux of engineemissionsinto thetroposphereandincreasestheir concentrationin the

stratosphereto 1.50D.U. (Fig.4 b) from 0.115D.U. (Fig. 4e)
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As mentionedabove,thechangesin theozonedepletionsassessedby different

modelswith thesamephotochemistrymodulehavetwo origins: thechangesin the

emissiondistributionsdueto thedifferentdynamicsin themodelsandthedifferentozone

responseto thedifferentmodeldynamicsunderthesamedistributionof engine

emissions.TheTable3 lists theoff-line runscompletedwith fixedengineemission

distributionssowecanstudythesecondorigin, theozoneresponse.All theoff-line runs
in theTable3 usethefixeddistributionsfor NOy, CH4,H20 andCO, themainactive

componentof theengineemissions,calculatedin the2-D CTM with thetropicalpipe,i.e.

CaseC for HSCTandCaseD for subsoniconly in Table 1. Theozonedepletions

simulatedusingthetotaldynamicsof the3-wavemodel,its streamfunctiononly, its

temperatureonly andits eddydiffusioncoefficientsonly,with theemissiondistributions

fixedareplottedin Fig. 5 respectively.Theozonedepletionusingthe3-wavemodel

streamfunctiononly (Fig. 5 b) is closestto theozonedepletionusingthetotal dynamics

of the3-wavemodel (Fig. 5 a). In contrast,theozonedepletionusingthe3-wavemodel

temperature(Fig. 5 c) is very closeto theozonedepletioncalculatedin the2-D CTM

with thetropicalpipe(Fig. 3b). Theozonedepletionusingthetotal dynamicsof the3-

wavemodelwith thefixed emissiondistributions(Fig. 5a) is closeto theozonedepletion

simulatedby the3-wavemodel (Fig. 3d). Thismeansthatthedifferencesin theozone

depletionbetweenthe3-wavemodelandthe2-D CTM aremainlydueto thedifferent
ozonetransport,thesecondorigin, especiallytheadvection,in thetwo modelsnot the

differencesin thedistributionsof theengineemissions.

3.FeedbackEffectsin 3-Wavemodel

WhentheHSCTsupersonicairplanesfly in theatmosphere,their engine

emissionschangethecompositionof theair, especiallytheozonedistribution,which is

importantfor determiningtheradiativeheating.The radiativeheatingratessupplythe

energyfor theatmosphericdynamics.Therefore,theozonechangescausedby HSCT
engineemissionscouldalter thetransportandthetemperaturein theatmosphereandthe

changeddynamicsshouldgeneratea differentozonedistribution(SeeFig. 1for the

interactionsbetweenthecomponentsof the3-wavemodel). This is theradiative

feedbackof theozonedepletion. Up to now weonly havediscussedthe3-wavemodel
runswith thedynamicscalculatedfor subsoniconly, (i. e. IptO, Z O, g°y, unperturbed

dynamics), and therefore, no feedback has been included. In this paragraph, we use the

model results from runs listed in Table 4 to estimate the effects of the radiative feedback.

These runs for HSCT cases use the dynamics perturbed by HSCT emissions (i. e. IprS,
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T S, KSy generated in case E in Table 1) or part of it and the runs with subsonic only

cases use unperturbed dynamics (i. e. I]1 O, T 0, K°y). The feedback effects of ozone

depletion through the changes in the stream function, the temperature and eddy diffusion

coefficients individually or collectively are shown in Fig. 6. All cases used in Fig. 6 have

the HSCT source. The Fig. 6 a) is the column ozone difference between the full

interactive run and run with unperturbed dynamics. This ozone column difference is

caused by the full feedback. The feedback reduces the ozone depletion, (compared with

Fig. 3 d, the ozone depletion without feedback, where the ozone reduction is about 6-8

D.U. in northern midlatitudes), by 20 to 30 %, which is a moderate negative feedback.

Fig. 6 b)-d) show the ozone changes caused by partial feedback, through the stream

function, the temperature, and the eddy diffusion coefficients, respectively. The feedback

through the change in the stream function is most important (Fig. 6 b), and the feedback

through the change in the temperature is negligible (Fig. 6 c).

4. Conclusions and Discussions

We have reached the following conclusions in this study:

1. Ozone depletion caused by HSCT engine emissions in the northern mid- and high-

latitudes is significantly larger in 3-wave model simulations than in 2-D CTM. In the

tropics, HSCT engine emissions increase the ozone column abundance in 3-wave model

simulations, similar to 2-D CTM with the tropical pipe.

2. The differences of the ozone depletion caused by HSCT engine emissions between 3-

wave model and 2-D CTM are largely due to differences in the ozone transport.

3. The feedback due to changes in dynamics of the 3-wave model in calculating the ozone

response to HSCT engine emissions is negative. The feedback reduces the ozone

depletion in northern mid- and high-latitudes by 20-30%, mainly by the feedback due to

changes in circulation.

The calculated ozone column abundance in the present day atmosphere (Fig. 2 a)

in the northern high latitudes during fall is about 40 to 60 Dobson Unit higher than

observation (Fig. 2 b). Because the problem is limited in northern high latitude for a
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shortperiod,wedon'texpecttheremedyof this problem would change the conclusions

listed above in any significant ways.
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Table 1 Model Runs for Ozone Depletion

HSCT

(Mach=2.4; EI= 15; 500)

Subsonic only

2-D CTM Case A Case B

(no pipe) ( Ipr2D, T 2D, K_ )NP ( I]1"2D, T 2D, K_y )NP

2-D CTM Case C Case D

(pipe) (Ip r2D, T 2D, g_) (Ip r2D, T 2D, grey)

3-Wave Model Case E Case F

(interactive) IprS, T s, K s lit °, T °, K°y

3-Wave Model

(off-line)

Case G

(_o, T o, K o1

Case H

(_o, T o, g o)

where I]/2D, T 2D, g_mf are the stream functions, temperature fields and the eddy

diffusion coefficients prescribed in the 2-D CTM without tropical pipe; I/9"0, T 0, g O

and IV S, Z S, K S are the stream functions, temperature fields and the eddy diffusion

coefficients calculated in the 3-wave model without and with HSCT emissions

g P is the eddy diffusion coefficients prescribed in the 2-D CTM with therespectively.

tropical pipe. The off-line runs of 3-wave model are executed just like 2-D CTM. It is

worth to notice that case F, which is a interactive run, and case H, which is a off-line run,

produce the same tracer distributions because they have the same transport and

temperature to drive the 2-D CTM.
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Table 2. Model Runs for A NOy Due to HSCT

HSCT Subsonic only

3-Wave Model

(off-line)

Case 1

(lit °, T zt), K_ )lVe

Case 2

(_o, T 2°, K_y)uP

3-Wave Model

(off-line)

Case 3

(Ip"2°, T °, K_)Ne

Case 4

(11t2°, T °, K_y )NP

3-Wave Model

(off-line)

Case 5 Case 6

(llt 2D, 7eD,K °) (tff zD , T 2D' K o)
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Table 3. Model Runs with Fixed NOy, CH4, H20 and CO

HSCT Subsonic only

2-D CTM

(pipe)

Case C Case D

(I]f 2D, T 2D, K_) (IF zD, T 2D, K_)

NO s ... NO °...

3-Wave Model

(off-line)

Case 7 Case 8

(_go, T o, K o) (_o, T o, K o)

( NOS...) (NO°...)

3-Wave Model

(off-line)

Case 9

(_o, T2D, K_)

( NO s ...)

Case 10

(_t °, T 2D, K_)

(NO ° ...)

3-Wave Model

(off-line)

Case 11

(IVz°, T °, K_)

(NOS...)

Case 12

(1If 20, T °, Ky_)

( NO ° ...)

3-Wave Model

(off-line)

Case 13

(I/./2D, r 2D, K°)

( NOS...)

Case 14

(Ipr 2D, T 2D, K 0)

(NO°...)

NO s ... and NO °... are the distributions for chemical species included in the

HSCT engine emissions simulated using the AER 2-D CTM with the tropical pipe with

and without the HSCT input, respectively.
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Table 4. Model Runs for Feedback Effects

HSCT

3-Wave Model

(off-line)

Case 15

(_o, T s, gSy)

3-Wave Model

(off-line)

Case 16

(Ill s, T °, gSy)

3-Wave Model

(off-line)

Case 17

(u/s , T s , K °)
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Figure Captions

Fig. 1 The flow chart of the 3-wave interactive model. The arrows indicate the direction

of data flow. The data exchange represents the interactions between the different

components of the model. The loops formed by arrows represent feedback routes.

Fig. 2 Latitude-time cross section of ozone column abundance (D. U.) from a) 3-wave

model simulation for present day, b) TOMS measurements. The contour increment is 20

D.U.

Fig. 3 The ozone depletion caused by HSCT engine emissions, (Mach=2.4, EI=15, with

a fleet of 500 airplanes), simulated by a) AER 2-D CTM without the tropical pipe (case A

- case B), b) AER 2-D CTM with the tropical pipe (case C - case D), c) AER 3-wave

interactive model with feedback (case E - case F), d) AER 3-wave interactive model

without feedback (case G - case H). The contour levels are -5, -3, -2, -1.5, -1, -0.5, -0.2,

0, 0.2, 0.5 (%).

Fig. 4 The increases of NOy in January caused by HSCT engine emissions, (Mach=2.4,

EI=15, with a fleet of 500 airplanes), simulated using a) 3-wave model (case G - case H

in Table 1), b) 3-wave model's stream function with temperature and Kyy from AER 2-D

CTM without the tropical pipe (case 1 - case 2 in Table 2), c) 3-wave model's

temperature with stream function and Kyy from AER 2-D CTM without the tropical pipe

(case 3 - case 4 in Table 2), d) 3-wave model's Kyy with temperature and stream function

from AER 2-D CTM without the tropical pipe (case 5 - case 6 in Table 2), e) AER 2-D

CTM without the tropical pipe, and f) AER 2-D CTM with the tropical pipe. The contour

increment is 1 pptv.

Fig. 5. The ozone depletion caused by HSCT engine emissions, (Mach=2.4, EI=15, with

a fleet of 500 airplanes), simulated with fixed distributions for NOy, CH4, H20 and CO

from the AER 2-D CTM with the tropical pipe and dynamics from a) the 3-wave model

(case 7 - case 8 in Table 3), b) 3-wave model's stream function with temperature and

Kyy from AER 2-D CTM with the tropical pipe (case 9 - case 10 in Table 3), c) 3-wave

model's temperature with stream function and Kyy from AER 2-D CTM with the tropical

pipe (case 11 - case 12 in Table 3), d) 3-wave model's Kyy with temperature and stream

function from AER 2-D CTM with the tropical pipe (case 13 - case 14 in Table 3). The

contour levels are -5, -3, -2, -1.5, -1, -0.5, -0.2, 0, 0.2, 0.5 (%).
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Fig 6. The differences between the ozone column abundance (D.U.) simulated by the

interactive 3-wave model with HSCT emissions (Case E in Table 1) and the ozone

column abundances simulated using off line 3-wave model with a) unperturbed dynamics

(case G in Table 1), b) unperturbed stream function and perturbed temperature and Kyy

(case 15 in Table 4), c) unperturbed temperature and perturbed stream function and Kyy

(case 16 in Table 4), d) unperturbed Kyy and perturbed stream function and temperature

(case 17 in Table 4), with HSCT emissions. The contour increment is 0.5 D.U.
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